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Abstract 
In this study, we evaluated biohydrogen production of Clostridium butyricum and Rhodopseudomonas palustris by
immobilized co-culture. Effects of the free cells and immobilized cells, immobilized biomass ratio, sucrose 
concentration and initial pH on hydrogen production were investigated. The immobilized co-culture can achieve high 
cumulative hydrogen (604 ml) as compare to free co-culture cumulative hydrogen while the initial 
sucrose concentration was 17.8 g/l. The optimum C. butyricum/R. palustris ratio was 1/10 yielding the highest 
cumulative hydrogen (728 ml). High sucrose concentration (above 35.6 g/l) would inhibit hydrogen production. The 
optimal initial pH for hydrogen production of immobilized co-culture was 7.0 (cumulative hydrogen 830 ml). 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Biohydrogen production has attracted great attention with the current energy demands. Biohydrogen 
production processes have the advantages of being less energy intensive [1]. Fermentative hydrogen 
technology is an innovative process that can use waste organics and convert into clean hydrogen energy 
and give high hydrogen production rates [2]. Therefore, biological hydrogen production is worth to 
investigate and can fulfill a sustainable development. The co-culture of dark and light fermentation 
process for biohydrogen production is a reliable option. Additionally, the co-culture also requires less 
fermentation time and produces more hydrogen [3]. Recently, immobilization technology is on the trend 
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because of its advantages on biohydrogen production operation. Immobilization can upgrade the hydrogen 
productivity and help to acclimatize bacteria and decrease the lag phase of bacteria cultivation [4]. In this 
research, the combination of C. butyricum and R. palustris was each immobilized cell bead and then mix 
together in the medium for co-culture biological hydrogen production. Conditions for immobilized co-
culture such as cell bead ratio, pH and sucrose concentration were investigated. In addition, the sucrose 
consumption, pH, NH4-N, total volatile fatty acid (TVFA) and total hydrogen production were evaluated. 
2. Materials and Methods 
2.1. Bacterial strain, medium, and cultivation 
C. butyricum ATCC 19398 (Bioresource Collection and Research Center, Taiwan) was precultured for 
two days under anaerobic condition on the medium (per liter) consisted of 17.8 g sucrose, 5.24 g 
NH4HCO3, 8.0 g NaHCO3, 0.125 g K2HPO4, 0.1 g MgCl2Θ6H2O, 0.015 g MnSO4Θ6H2O, 0.025 g 
FeSO4Θ7H2O, 0.005 g CuSO4Θ5H2O, 0.000125 g CoCl2Θ5H2O, and 0.5 g Na2SΘ9H2O. The bacteria 
were cultivated with nitrogen flushing over the medium to create an anaerobic condition. The temperature 
was set to 37°C with initial pH at 6.5. The phototrophic hydrogen producer is R. palustris ATCC 17001. 
The preculture medium for the strains cultivation consisted of 5 g sodium malate, 1 g NH4Cl, 0.5 g yeast 
extract, and 100 ml mineral salts solution. Growth medium for the strain consisted of 17.8 g sucrose, 1 g 
glutamate, 0.5 g yeast extract, and 100 ml mineral salts solution. The mineral salts solution contained 1.0 
g K2HPO4, 0.5 g NaCl, 0.01 g FeSO4 7HΘ 2O, 0.02 g CaCl2, 0.002 g MnCl2 4HΘ 2O, 0.2 g MgSO4 7HΘ 2O, 
and 0.001 g NaMoO4 2HΘ 2O. Cultivation for R. palustris was done anaerobically for two days with 
temperature maintained at 35°C, pH adjusted to 6.5, and illumination with at 4,000 lux. A medium for 
hydrogen production by co-culture of C. butyricum and R. palustris was prepared by mixing both to the 
medium. In the co-culture batch experiment, each of both cell beads was added. The cell beads were 
added to a 500 ml serum bottle containing 250 ml of medium. The initial pH was adjusted to 6.5, and 
cultivation was carried out anaerobically for five days at 35°C with illumination at 4000 lux. 
2.2. Cell immobilization into alginate gel and Analytical methods 
Alginate powder 10 g/l and Al2O3 powder 2.5 g/l were sufficiently stirred until uniformly mixed in a 
beaker containing 25 ml bacterial suspension of C. butyricum and R. palustris, respectively. The agar 
solution was immediately dropped into 4% CaCl2 aqueous solution by pipette and until it form cell agar 
gel granule. The agar gel granule contained approximately 0.2 mg cells dry weight. The average diameter 
of cell immobilization bead was 2 mm and the prepared cell beads were stored as submerged in 4°C 
distilled water before use. The pH was measured using a portable pH meter. NH4-N concentration was 
determined by analytical kits (Spectroquant, 1.14752.0001, Merck Millipore, Germany). TVFA samples 
were filtered using a 0.2 ȝm filter and then analyzed by analytical kits (Spectroquant, 1.01763.0001) and 
a Photometer (NOVA 60 Spectroquant®). Residual sucrose was colorimetrically determined by anthrone-
sulfuric acid method. The amount of hydrogen and total gas produced by the microorganisms was 
volumetric measured from the head space of the serum bottles by gas-tight glass syringes everyday and 
the concentration of the hydrogen analyzed using a gas chromatography, GC (Shimadzu GC14A, Japan) 
equipped with a thermal conductivity detector and a column (Porapak Q 60/80 mesh, 2m×2mm, USA). 
3. Results and Discussion 
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3.1. Hydrogen production by immobilized and non-immobilized cell co-culture and effect of ratio of C. 
butyricum and R. palustris on hydrogen production 
Hydrogen production of 604 ml was obtained by immobilized cell co-culture in 118 h while the initial 
sucrose was 17.8 g/l, which is an increase of 19.8% compared to free cell co-culture (date not shown). 
The result demonstrated that the immobilized co-culture was effective for hydrogen production. A 
combination of C. butyricum and R. palustris by immobilized co-culture can convert sucrose to H2 and 
CO2. R. palustris is capable of fermenting sucrose to TVFA, H2 and CO2 and also fermenting the TVFA 
to H2 and CO2 which produces more hydrogen production. In order to determine the optimum C. 
butyricum/R. palustris immobilization biomass ratio (C/R) for hydrogen production by sucrose, a set of 
batch experiments were performed at following different C/R ratios: 1/1, 1/2, 1/5, and 1/10. Cumulative 
hydrogen increased from 604 ml to 728 ml when C/R ratio decreased from 1/1 to 1/10 due to high 
immobilized concentrations of R. palustris at C/R=1/10 (date not shown). Obviously, the high 
immobilized concentration of R. palustris into the fermentation media improved for hydrogen production. 
The ratio of C. butyricum and R. palustris was important factor influencing hydrogen production during 
entire immobilized co-culture. 
3.2. The effect of sucrose concentration on the hydrogen production 
Sucrose concentrations were used as the only carbon source during immobilized co-culture of C. 
butyricum and R. palustris. In the immobilized co-culture test with C. butyricum and R. palustris, 
hydrogen yield decreased with the sucrose over the range of 4.45-35.6 g/l (Table 1). Cumulative 
hydrogen was improved with increasing initial sucrose of 4.45-17.8 g/l in the mixed medium. Maximum 
hydrogen yield of 5.42 mol H2/mol sucrose was obtained at 4.45 g/l sucrose, but decreased with initial 
sucrose of 8.9-35.6 g/l. Cumulative hydrogen reached its maximum at 17.8 g/l initial sucrose, compared 
to the other sucrose concentrations. At 4.45 and 8.9 g/l initial sucrose, the sucrose was fully consumed. 
These results indicated that high sucrose concentration inhibited hydrogen production. For these reasons, 
the control initial sucrose concentration in this study seems to favor hydrogen production by immobilized 
co-culture. The hydrogen yield of immobilized co-culture was lower in a high sucrose, but also produced 
more TVFA. R. palustris can convert TVFA into hydrogen; however, hydrogen production was low in the 
immobilized co-culture with low end pH and high TVFA. TVFA was not effectively converted into 
hydrogen by immobilized co-culture of C. butyricum and R. palustris, so hydrogen yield was lower than 
that obtained at high sucrose. The results showed that TVFA increased with sucrose. The end pH of 
immobilized co-culture decreased with sucrose. The initial sucrose should be less than 17.8 g/l in order to 
avoid inhibitions caused by high TVFA and to improve hydrogen production. In this study, NH4-N did 
not have significant difference regardless of different sucrose concentration. Therefore, the hydrogen 
production related to sucrose concentration, pH and TVFA by immobilized co-culture. 
Table 1. The effect of different sucrose concentration on hydrogen production, hydrogen yield, end pH, NH4-N and TVFA of 
immobilized co-culture 




H2 yield (mol H2/mol 
sucrose) 
End pH 
4.45 630 360 0 288 5.42 6.63 
8.9 1660 345 0 561 4.31 6.02 
17.8 2734 297 3.99 705 3.52 4.95 
35.6 3560 315 21.28 631 3.01 4.84 
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3.3.  Effect of initial pH on hydrogen production 
As shown in Fig. 1, at the initial pH 8.0, the cumulative hydrogen (830 ml) was higher than that at 
other initial pH while the initial sucrose was 17.8 g/l with the C/R ratio of 1/10. These differences in the 
cumulative hydrogen may be due to low end pH and low initial pH, which were unfavorable to the 
cooperation of C. butyricum and R. palustris. Accordingly, a proper initial pH control was beneficial to 
increasing the hydrogen production of C. butyricum and R. palustri in the immobilized co-culture. The 
results indicate that the optimal initial pH for immobilized co-culture hydrogen production with mixing 
both to the medium appeared to be 8.0. Therefore, initial pH of combined culture medium was the key 
point in immobilized co-culture hydrogen production. 
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Fig. 1. The effect of initial pH on cumulative hydrogen production of immobilized co-culture 
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